E osinophils are a major participant in the inflammatory cascades associated with asthma and allergic disease (1) . In particular, disease exacerbations are characterized by recruitment of short-lived, quiescent eosinophils from the peripheral blood to the lung where they become long-lived effector cells (2) (3) (4) . Inflammatory cytokines such as TNF-␣, IL-5, and GM-CSF have been implicated in both eosinophil recruitment and enhanced pulmonary survival (5) (6) (7) . These cytokines are produced by airway epithelial cells, activated T cells, macrophages, and eosinophils themselves (8 -10) .
GM-CSF promotes eosinophil survival both in vivo and in vitro. Bronchoalveolar lavage fluid from symptomatic asthmatics contained elevated amounts of GM-CSF (5, 9) and the in vitro survival of both bronchoalveolar lavage eosinophils (BALeos) 4 and activated peripheral blood eosinophils (pbeos) was GM-CSF but not IL-5 dependent (11, 12) . GM-CSF production by eosinophils was stimulated by inflammatory cytokines such as TNF-␣ (13) or by fibronectin-mediated activation of integrin signaling pathways (14) .
In pbeos, up-regulation of GM-CSF involves posttranscriptional control (15) . GM-CSF mRNA is short-lived (half-life as short as 8 min) in resting cells but markedly stabilized after activation. As GM-CSF mRNA accumulates, increased amounts of cytokine are produced, directly enhancing survival (15) . The half-life of the GM-CSF message is controlled by a 3Ј untranslated region (UTR) AU-rich element (the ARE) (16) . AREs are found in many rapidly degraded cytokine and protooncogene messages and mediate both rapid decay in quiescent cells and stability in activated cells (17) . Recently, the ARE of TNF-␣ has also been implicated in nucleocytoplasmic transport (18) . Several ARE-binding proteins have been identified that destabilize (AUF-1) or stabilize (HuR, TTP) ARE-containing messages (19 -22) . However, the molecular control of GM-CSF mRNA turnover and its effects on the survival of eosinophils remains essentially unknown.
Endogenous GM-CSF message levels even in activated pbeos are very low, making this a difficult process to study. However, we have developed a system that models GM-CSF metabolism in eosinophils and used it to show that normal eosinophils derived from the peripheral blood or airways of atopic subjects can be transfected with GM-CSF mRNA using particle-mediated gene transfer (PMGT; Refs. 12 and 15). Exogenous GM-CSF message decayed rapidly in resting pbeos but showed 2-to 4-fold increased stability in cells activated with calcium ionophore or with TNF-␣ plus fibronectin (12, 15) . Of note, GM-CSF mRNA transfected into BALeos isolated from donors 48 h after allergen challenge had a prolonged half-life nearly identical to in vitro activated cells (12) . Changes in GM-CSF mRNA stability required the presence of an intact ARE. Message stabilization enhanced GM-CSF production, causing a 2-to 10-fold increased in vitro survival. Therefore, we hypothesize that GM-CSF mRNA stabilization is a critical feature that maintains GM-CSF secretion and long-term in vivo survival of activated eosinophils.
In this paper, we identify human Y box-binding protein 1 (YB-1) as a GM-CSF ARE-binding protein. Pbeos transduced with YB-1 showed enhanced, GM-CSF-dependent in vitro survival. In resting pbeos, transduction of YB-1-stabilized exogenous GM-CSF mRNA in an ARE-dependent fashion. Finally, endogenous YB-1 protein bound to endogenous GM-CSF mRNA in activated pbeos and BALeos but not in resting pbeos, suggesting this interaction is required for increasing GM-CSF secretion which contributes to maintaining long-lived, pulmonary-based eosinophils.
Materials and Methods

Construction of fusion protein
The coding region of human YB-1 was cloned from the K562 cell line (a human erythroleukemia cell line) by RT-PCR using primers complementary to the start and stop codons. The full-length coding region was cloned in-frame into pTatHA (Ref. 23 ; a gift from Dr. S. Dowdy, Washington University, St. Louis, MO) and a fusion protein containing from N to C terminus: 6-histidine, Tat translocation sequence, hemagglutinin (HA) epitope, and YB-1 was expressed in DH5␣ cells. Expressing bacterial cultures were dissolved in 8 M urea, 50 mM Tris (pH 8.0), 150 mM NaCl, sonicated, and centrifuged at 15,000 ϫ g. Cleared lysate was mixed with Ni-NTA resin (Qiagen, Valencia, CA) in the presence of 10 mM imidazole and His-tagged protein was allowed to bind. The resin was washed once with 8 M urea, 50 mM Tris (pH 8.0), 150 mM NaCl, 10 mM imidazole, and four more times with buffer minus urea. Protein was eluted with 1 M imidazole, 50 mM Tris (pH 8.0), 150 mM NaCl, and dialyzed against PBS. Protein was Ͼ90% pure by Coomassie-stained SDS-PAGE analysis and was active in binding GM-CSF RNA at concentrations as low as 2 ng/l.
RNA EMSAs
In vitro transcription to produce radiolabeled and unlabeled full-length GM-CSF RNA was done as previously described (24 -26) . Radiolabeled probes were quantitated by A 260 and unlabeled probes were quantitated both by A 260 and RNase-free agarose gel electrophoresis. RNA mobility shift assays were performed by mixing 300 ng of recombinant protein with 0.4 ng of radiolabeled RNA in 15 mM HEPES (pH 8.0), 10 mM KCl, 10% glycerol, 1 mM DTT, 1g/l tRNA, and 2 U/reaction recombinant RNasin (Promega, Madison, WI) for 10 min on ice. Protein was mixed with unlabeled competitor RNA for 15 min on ice before adding radiolabeled probe. Twenty-five units of RNase T1 was added and incubation was continued for 30 min at 37°C. Samples were UV cross-linked for 5 min on ice in a Stratalinker (Stratagene, La Jolla CA), loaded on 7% acrylamide gels, and electrophoresed in 0.25ϫ TBE at 100 V. Gels were dried and exposed to Kodak XAR film.
Western blotting
SDS-PAGE gels (10%) were transferred to nitrocellulose using a TransBlot SD Semi-Dry Electrophoretic Transfer Cell (Bio-Rad, Richmond, CA) and membranes were blocked with 5% nonfat dry milk in phosphatebuffered Tris plus 0.1% Tween 20. Two anti-YB-1 Abs were used: anti-YBC was a gift from Dr. K. Kohno (27) and anti-TatYB-1 is a rabbit polyclonal raised against recombinant TatYB-1 fusion protein (University of Wisconsin Medical School Animal Care Unit Polyclonal Antibody Service, Madison, WI) and purified with the ImmunoPure(G) IgG Purification kit (Pierce, Rockford, IL). Anti-rabbit HRP-conjugated secondary Ab and the ECL Western blotting detection system (Amersham, Pharmacia, Piscataway, NJ) were used to detect primary Abs, except in some cases antiTatYB-1 was biotinylated using the FluoReporter MiniBiotin-XX Protein Labeling kit and visualized with streptavidin-HRP conjugated secondary (Molecular Probes, Eugene, OR).
Tat protein transduction and in vitro survival
pbeos were obtained with informed consent according to a protocol approved by the University of Wisconsin Human Subjects Committee from asymptomatic atopic adult donors and purified using a negative immunomagnetic procedure as previously described (28) . Preparations were only used if the purity was Ͼ99% (based on microscopic examination of DiffQuik-stained cells, Baxter, Miami, FL); the few contaminating cells were either neutrophils or mononuclear cells. Briefly, 10 6 cells/well were cultured in RPMI 1640 supplemented with 10% FBS and 50 g/ml gentamicin in 96-well plates. PBS with no protein or TatYB-1 protein or Tat␤-galactosidase (Tat␤-gal) protein in PBS was added at concentrations of 10 -200 nM at T 0 and survival was assessed by trypan blue exclusion as previously described (12) 4 days after the initiation of culture. All experiments were done with a minimum of three different donors. In some cases, anti-GM-CSF or anti-IL-5-neutralizing Ab (R&D Systems, Minneapolis, MN) was added to a final concentration of 5 g/ml at the initiation of culture.
Tat transduction and mRNA transfection PMGT was performed as described previously (15, 25) . Briefly, in vitrotranscribed, capped, full-length, polyadenylated GM-CSF message was precipitated onto 1-m gold beads at a concentration of 5 g of RNA/mg of gold beads. Mutant GM-CSF mRNA containing AUGUA repeats in place of the ARE promotes in vitro survival more efficiently than wild type so to detect Tat fusion protein-mediated changes in viability; 5-fold less mutant mRNA was loaded onto gold beads (1 g of RNA/mg of gold beads). Both mutant and wild type were transfected at 5 g/mg concentrations for stability experiments (see Fig. 4 and Table I ). Eighty to 95% of the input mRNA was typically loaded onto the beads. Successive transfections of 2 ϫ 10 6 cells were pooled, washed twice in culture medium to remove any extracellular RNA, and placed in culture at 1 ϫ 10 7 cells/ml. For transduction before transfection, 100 nM Tat fusion protein (TatYB-1 or Tat␤-gal) was added to 2 ϫ 10 6 cells for 2 h at 37°C and then transfected as above. After washing, cells were placed in culture in medium containing 100 nM Tat protein. For RNA stability measurements, time points were taken at T 0 , 30, and 60 min, whereas for survival experiments, cells were cultured for 1 h in 100 nM protein at 1 ϫ 10 7 cells/ml, then diluted 1:10, and cultured for 4 days. Viability was determined as previously described (12) . Northern blot analysis, cDNA probes, and image analysis were described previously (15, 25) . All experiments were done with pbeos from a minimum of three different donors.
Immunoprecipitation
Pulmonary eosinophils (BALeos) were obtained with informed consent from atopic asthmatic patients 48 h after allergen bronchoprovocation by bronchoalveolar lavage and isolation as described elsewhere (12) . pbeos were activated with 10 ng/ml recombinant human TNF-␣ (R&D Systems) and 20 g/ml soluble human cellular fibronectin (Sigma, St. Louis, MO) in fibronectin-coated 96-well plates (BD Biosciences, Bedford, MA) for 5 h at 1 ϫ 10 6 cells/ml. BALeos, resting pbeos, or pbeos activated with TNF-␣ plus fibronectin (12) were snap frozen at Ϫ80°C and cell pellets were dissolved in 50 mM Tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, 10 mM NaF, 1 mM Na 3 VO 4 , 200 g/ml pefabloc, protease inhibitor mixture P8340 (Sigma), 1 mM DTT, 2 U of recombinant RNasin/l (Promega), 0.1% Triton X-100, and 0.1% SDS by passing them through a 29-gauge needle. Cleared lysate was made by centrifugation at Ͼ15,000 ϫ g for 10 min and 12 g of Ab was added for 2 h with rocking at 4°C. Protein G-agarose beads (Sigma) were added and incubation was continued overnight. Pellets were washed five times with 1 ml of lysis buffer (without detergent) and the last wash was split with 60% dissolved in TRI Reagent (Molecular Research Center, Cincinnati, OH) and 40% dissolved in SDS-PAGE loading buffer. RNA was isolated according to the manufacturer's recommendation. RT reactions were primed with random nonamers (Life Technologies, Rockville, MD) and PCR/Southern blotting was as described previously (12, 29) , except for immunoprecipitation (IP) pellets from resting cells, 35 cycles of synthesis were used and for pellets from activated cells (TNF-␣ plus fibronectin treated or BALeos) 28 cycles of synthesis were used. Abs used for the immunoprecipitations were either anti-HA mouse monoclonal (Sigma) or anti-TatYB-1 rabbit polyclonal.
Results
Recombinant human YB-1 fusion protein binds the GM-CSF ARE in vitro
A truncated human cDNA coding for the multifunctional nucleic acid-binding protein YB-1 was identified in a screen for potential ARE-binding proteins (S. Bhattacharya and J. S. Malter, unpublished data). To determine whether YB-1 interacts with GM-CSF mRNA, we cloned the full-length coding sequence from the K562 cell line using primers complementary to the start and stop codons (see Materials and Methods). This full-length clone was fused to the 11-aa acid protein translocation sequence from HIV Tat protein in the vector pTat-HA. Proteins containing Tat tags cross lipid membranes with high efficiency (Ͼ95%), permitting transduction of normal as well as transformed cells (23) . YB-1 fusion protein (TatYB-1) was used in in vitro RNA EMSAs to determine whether it bound GM-CSF RNA. Fig. 1A shows that TatYB-1 bound in vitro-synthesized, radiolabeled, full-length GM-CSF RNA. This binding is due to the YB-1 portion of the fusion protein since it can be blocked by preincubation with an interfering anti-YB-1 Ab but not with preimmune serum (data not shown). In addition, Tat␤-gal failed to bind GM-CSF mRNA (data not shown). Two distinct complexes were resolved on 7% native acrylamide gels at TatYB-1 concentrations ranging from 40 to 600 ng ( Fig. 1 and data  not shown) . We used four types of unlabeled competitor RNAs to determine the specificity and site of binding. The first two were full-length wild-type GM-CSF RNA or a short 80-base synthetic RNA containing four consecutive AUUUA repeats (denoted ⌬2; Ref. 29) . The latter RNA mimics the GM-CSF ARE which consists of five AUUUA repeats in an AU-rich region. The final two competitors used were full-length GM-CSF RNA containing a mutated ARE (four of the five AUUUA repeats mutated to AUGUA, which fails to bind ARE-specific proteins, (30)) or an 80-base synthetic RNA identical to ⌬2, except the four AUUUA repeats were mutated to AUGUA (denoted ⌬2-AUGUA; Ref. 29) . Competition with either wild type or ⌬2 RNA eliminated both YB-1-GM-CSF RNA complexes (Fig. 1A, lanes 3-6 and Fig. 1B, lanes 1 and 2) . Only 1ϫ molar excess of unlabeled RNA was sufficient to dramatically reduce YB-1-GM-CSF mRNA interactions (Fig. 1) . This likely reflects the addition of unlabeled competitors RNAs before radiolabeled probe addition. However, neither mutant full-length nor ⌬2-AUGUA eliminated complex B (Fig. 1A, lanes 7-10 and Fig. 1B, lanes 1 and 3) . Thus, complex B most likely represents a specific association between TatYB-1 and the GM-CSF ARE. The ⌬2-AUGUA RNA also failed to compete complex A while the full-length mutant GM-CSF RNA eliminated complex A in a dosedependent manner, suggesting that YB-1 recognized another site in the GM-CSF RNA in addition to the ARE. This second site is not sufficient for binding since radiolabeled full-length mutant GM-CSF fails to bind to YB-1 even at high protein concentrations (data not shown). This site has not been further characterized.
TatYB-1 protein transduction enhances the in vitro survival of resting pbeos
YB-1 is constitutively present in most cell types including eosinophils as shown by Western blotting in Fig. 2 . In general, cell lines express more YB-1 than untransformed primary cells (compare Fig. 2 lane 2 to lane 1 where equal amounts of total protein were loaded). YB-1 levels do not change in activated eosinophils compared with resting pbeos, although there is some variability in basal levels among individuals (data not shown). Cell lysates from resting or activated pbeos contained too many nucleases to perform EMSAs. Thus, to determine directly whether YB-1 affects GM-CSF mRNA metabolism in eosinophils, we transduced pbeos with TatYB-1 fusion protein and assayed in vitro survival. Survival was used as an end point because it is an exquisitely sensitive surrogate marker for increased GM-CSF production. For example, pbeos supernatant with GM-CSF levels below the limit of ELISA detection (Ͻ1 pg/ml) supported in vitro survival (11) .
The Tat protein translocation signal has been used successfully to deliver a number of proteins into many different cell types (23) . pbeos were incubated with 100 nM TatYB-1 for 2 h and after extensive washing, cell lysates were analyzed by Western blotting. Fig. 2, lane 3 , shows that TatYB-1 can be detected in transduced eosinophils. The transduction rate was ϳ95%, at concentrations from 50 to 100 nM and remained detectable by Western blot for at least 2 h after transduction (data not shown). We anticipated that if transduced TatYB-1 affected GM-CSF secretion, we would detect a change in in vitro survival of pbeos. Thus, pbeos were exposed to a range of TatYB-1 or ⌻at␤-gal concentrations and cultured for 4 days. As shown in Fig. 3A for a single donor, increasing concentrations of TatYB-1 increased survival by up to 3-fold while similar concentrations of Tat␤-gal had no effect. TatYB-1-mediated survival was abrogated by culturing transduced pbeos with neutralizing Ab to GM-CSF (Fig. 3) but unaffected by anti-IL-5 Ab (data not shown), indicating that TatYB-1 promotes survival by increasing extracellular levels of GM-CSF protein.
The general trend of enhanced survival after TatYB-1 transduction was seen in multiple independent donors but the degree of survival advantage was variable. This may reflect differences in the initial levels of GM-CSF mRNA or other components of the signaling pathways contributing to cytokine production. To clarify whether YB-1 could regulate GM-CSF mRNA and how it effected eosinophil survival, we took advantage of a transfection system we have developed that mimics GM-CSF metabolism in eosinophils. We have shown previously that wild-type GM-CSF message transfected into resting eosinophils by PMGT was rapidly degraded (Refs. 12 and 15; also see Fig. 4) . Furthermore, the survival of pbeos transfected with wild-type or mutant GM-CSF mRNAs was increased by 3-to 10-fold and was dependent on extracellular GM-CSF. Thus, we asked whether TatYB-1 could modulate in vitro survival mediated by transfected GM-CSF mRNA. As shown in Fig. 3B , resting pbeos showed minimal in vitro survival at 4 days which was increased ϳ6-fold by wild-type GM-CSF mRNA transfection. Survival was dependent on GM-CSF protein (Fig. 3B, o) but not IL-5 (data not shown). TatYB-1 transduction doubled the survival of pbeos transfected with GM-CSF mRNA whereas Tat␤-gal had no effect (Fig. 3B) . The transfection of consistent amounts of GM-CSF mRNA also minimized variability: Fig. 3B represents the average of three experiments, each done with pbeos from different donors. The effects of TatYB-1 were dependent on the presence of a functional ARE since we observed no difference in survival among pbeos transfected with mutant GM-CSF mRNA that were untransduced, transduced with TatYB-1, or transduced with Tat␤-gal (data not shown). Thus, enhanced production of GM-CSF leading to increased survival in vitro in transduced and transfected pbeos is mediated by TatYB-1 through the ARE of GM-CSF mRNA.
TatYB-1 stabilizes GM-CSF mRNA in resting pbeos
Since the ARE is required for stabilization or destabilization of GM-CSF mRNA, we examined how TatYB-1 affected the decay 1-3) or after transduction with 100 nM TatYB-1 (lanes 4 -6) . Endogenous ␤-actin mRNA did not decay within the time period assayed and served as a loading control. B, Plot of transfected GM-CSF mRNA decay rates for untransduced and 100 nM TatYB-1-transduced pbeos cultures normalized to ␤-actin. Each point represents the average of three separate experiments. rate of GM-CSF mRNA, once again taking advantage of our transfection system. Transfected wild-type GM-CSF mRNA has a short half-life in resting cells but is stabilized upon activation and can be visualized by Northern blot while endogenous levels even after stabilization are below the limits of detection (15) . Thus, at various times after transduction with Tat fusion proteins and transfection with GM-CSF mRNA, total RNA was isolated and subjected to Northern blotting with GM-CSF or ␤-actin cDNA probes. The Northern blot in Fig. 4A shows that transfected wild-type mRNA decays rapidly and is barely detectable by 60 min after transfection (lanes 1-3) but 60 min after transfection of TatYB-1-transduced cells, GM-CSF mRNA is still present (lanes 4 -6) . The half-life calculated for wild-type GM-CSF mRNA was increased 2-fold by TatYB-1 transduction (Fig. 4B and Table I ). This is equivalent to the enhancement of stability seen in pbeos activated in vitro with TNF-␣ plus fibronectin or in BALeos activated in vivo (12) . Table  I also shows that GM-CSF mRNA stability was unaffected by Tat␤-gal, suggesting that the effect was specific to YB-1. TatYB-1-mediated stabilization required an intact ARE since transfected mutant GM-CSF mRNA stability was unaffected. These data, along with the in vitro binding data, are consistent with the model that TatYB-1 stabilized GM-CSF mRNA in eosinophils by binding to the ARE.
Endogenous YB-1 protein interacts with the GM-CSF message in activated eosinophils
We wished to establish that endogenous YB-1 interacts with endogenous GM-CSF mRNA to address the possibility that transduced protein was playing a nonphysiologic role. In addition, it remained possible that the effects we saw were indirect; e.g., via protein-protein interactions with a different ARE-binding protein.
Thus, we immunoprecipitated endogenous YB-1 from resting pbeos or those activated in vitro with TNF-␣ plus fibronectin or in vivo by allergen challenge (BALeos) and asked whether endogenous GM-CSF mRNA could be detected in the pellet. Fig. 5A , lanes 4 and 5, show that anti-YB-1 Ab immunoprecipitated endogenous YB-1 protein from pbeos and BALeos. Neither an irrelevant control IgG nor protein G alone precipitated detectable levels of endogenous YB-1 (Fig. 5A, lanes 2 and 3) . The presence of GM-CSF mRNA in IP pellets was assayed by RT-PCR and Southern blot. Fig. 5B shows that in activated eosinophils, levels of GM-CSF mRNA were up to 4-fold above control when IP was done with anti-TatYB-1. Some GM-CSF mRNA bound nonspecifically to protein G-agarose used to pellet the Ab (data not shown) but very little GM-CSF mRNA was brought down with an irrelevant Ab (anti-HA mouse monoclonal: control IgG). ␤-Actin mRNA was not detected in IP pellets either with control IgG or anti-YB-1 Ab nor did TNF-␣ mRNA coimmunoprecipitate with endogenous YB-1 from resting or from TNF-␣ plus fibronectinactivated pbeos (data not shown). Cell lysates from resting pbeos contained very low levels of GM-CSF mRNA and message in IP pellets was barely detectable by RT-PCR/Southern blotting. We present the data graphically in Fig. 5C as the ratio of GM-CSF signal detected from anti-YB-1 IPs to that detected in IPs with control IgG. Thus background levels of GM-CSF from nonspecific binding are set to 1. For both in vitro-and in vivo-activated cells, this ratio Ͼ3, indicating an interaction between YB-1 and GM-CSF mRNA. In resting pbeos, the ratio of 1 or less strongly suggests YB-1 and GM-CSF mRNA do not coassociate in the absence of an activation signal. Thus, endogenous YB-1 and endogenous GM-CSF mRNA interact specifically in activated eosinophils.
Discussion
We have demonstrated that human YB-1 bound the ARE of GM-CSF RNA in vitro ( Fig. 1) and interacted with GM-CSF mRNA in activated eosinophils (Fig. 5) . The result of binding was increased GM-CSF release and markedly enhanced eosinophil survival (Fig.  3) . These studies describe a novel role for human YB-1 and help elucidate how activated eosinophils regulate GM-CSF production. YB-1 is a multifunctional nucleic acid-binding protein that has been implicated in such diverse functions as transcriptional activation and repression, both cellular and viral, specific and nonspecific mRNA binding, mRNA stabilization, and translational control (31) (32) (33) (34) (35) (36) . YB-1 is a member of the highly conserved cold shock domain (CSD) family of proteins and consists of three domains: an N-terminal stretch of undetermined function, a CSD which mediates nucleic acid binding and contains a consensus RNP-1 RNAbinding motif and a C-terminal domain of basic/acidic repeats which has been implicated in RNA binding as well as proteinprotein interactions (33, 34, 37) .
CSD proteins have been linked to GM-CSF transcriptional control in cell lines and epithelial cells (38, 39) . However, recent CSD transcriptional control data suggest that nuclear translocation and subsequent transcriptional activity of CSD proteins requires cleavage of their COOH termini (32, 40) . We have not detected smaller protein species either in resting or activated eosinophils (data not shown). It remains possible that there is some transcriptional contribution to increased GM-CSF production in these cells, especially when transduced since the TatYB-1 fusion protein requires no modification to cross the nuclear membrane. However, our data suggest that alterations in mRNA stability play a major role in GM-CSF production after activation of eosinophils (Fig. 4 and Refs. 12 and 15).
YB-1 is also an RNA-binding protein. It has not previously been shown to bind ARE sequences but was shown to bind the 5Ј UTR of IL-2 mRNA and to mediate increased message stability in T lymphocytes in response to activation by the c-Jun terminal kinase signaling pathway. Stabilization required uncharacterized 3Ј UTR sequences which, however, were not themselves sufficient for stabilization (36) . The IL-2 5Ј RNA sequence identified as the YB-1 binding site is CU rich and without substantial homology to any part of the GM-CSF mRNA. In addition, c-Jun terminal kinase signaling does not appear to be up-regulated during eosinophil activation (41) . Therefore, the mechanism of GM-CSF mRNA stabilization by YB-1 in eosinophils is likely to be distinct from that described for IL-2 in lymphocytes. In vitro, YB-1 can bind a number of ARE-containing cytokines including TNF-␣ (E. E. Capowski, unpublished data). However, endogenous TNF-␣ mRNA did not coimmunoprecipitate with YB-1 from eosinophils, suggesting that YB-1 mRNA interactions in vivo may be restricted to a subset of cytokine messages or indeed may be specific for GM-CSF mRNA in pbeos.
Five RNA recognition motifs have been identified in YB-1 as necessary for both its specific and nonspecific interactions with RNA (33, 34, 42) . These include a consensus RNP-1 sequence in the CSD and four regions of alternating acidic and basic residues with homology to the arginine-rich RNA-binding motif (ARM) used by several RNA-binding proteins to recognize specific RNA hairpins (43) . The RNP-1 sequence and the first ARM motif, located within the CSD, have been implicated in sequence-specific RNA recognition in the Xenopus YB-1 homologue FRGY-2, which also interacts nonspecifically with RNA through its COOH tail (34) . ARM-1 and ARM-2 of human DNA-binding protein B/YB-1 have been implicated in specific RNA binding, possibly to stem-loop structures, in HIV TAR RNA and the insertion signal for the addition of the uncommon amino acid selenocysteine into cellular proteins (33, 42) . All of the other ARE-binding proteins characterized to date also contain multiple RNA recognition motifs that define specificity in different contexts (for example, see HuR (44) , HuD (45) , TTP (46), or AUF-1 (47) . HuR and HuD both have consensus RNP-1 motifs that are identical to each other and similar to that found in YB-1. However, AUF-1 and TTP show little commonality of mechanism at the amino acid sequence level with any of the other ARE-binding proteins.
The majority of the RNA binding roles ascribed to YB-1 and CSD proteins are associated with translational control (34, 35, 42) . We present data in Fig. 4 and Table I that strongly suggest that YB-1 has a role in posttranscriptional mRNA stability as well. Because our studies have been performed in primary cells of limited numbers, attempts to study GM-CSF translation have so far been impractical. The addition of YB-1 protein to rabbit reticulocyte lysate had no effect on GM-CSF mRNA translation (S. Esnault, unpublished data). However, the contribution of translational control to YB-1-mediated GM-CSF production remains to be elucidated. Fig. 5 shows that activation of pbeos is necessary to promote GM-CSF binding to YB-1, suggesting that YB-1 may be a target of signal transduction cascades initiated by extracellular proinflammatory factors. Interestingly, transcriptional activation of YB-1/DNA-binding protein B has recently been linked to the activity of a protein tyrosine phosphatase (32), suggesting dephosphorylation might be involved in activating the protein. Our unphosphorylated bacterially expressed protein, which bound GM-CSF mRNA in vitro, was able to stimulate GM-CSF production and enhance survival when transduced into resting pbeos, providing support for such a mechanism. Ongoing studies should further elucidate the relationship among signal transduction, YB-1 phosphorylation state, and GM-CSF binding in eosinophils. Another possible control for YB-1-mediated RNA association is through a coassociated protein or complex. YB-1 partners a multitude of other proteins both for DNA and RNA binding, including the transcription factor CTCF, hnRNPK, FMRP, and nucleolin (36, 37, 48, 49) . Unraveling the relevant control mechanisms in pbeos may well provide novel insight into the pathways that lead to inflammation and pathology.
